Fischman AJ. Brown adipose tissue and its modulation by a mitochondria-targeted peptide in rat burn injury-induced hypermetabolism.
HYPERMETABOLISM IS A HALLMARK of the metabolic alterations that occur after burn injury. Clinical observations have revealed that burn injury-induced hypermetabolism persists for at least 9 -12 months after injury (19) . Prolonged and accelerated catabolism is associated with delayed rehabilitation and results in increased morbidity and mortality (8) . The amelioration of burn injury-induced hypermetabolism is important in the metabolic care of patients with burn injury and should be initiated in the early phase after injury (18) . However, since the detailed mechanism(s) leading to burn injury-induced hypermetabolism has yet to be completely clarified, definitive procedures for aggressive therapy have not been established.
Brown adipose tissue (BAT) is associated with increased energy expenditure (EE) and heat production in animals. Historically, BAT was believed to be of functional significance only in neonates, without major physiological relevance in human adults (1, 26, 33) . However, more recent studies using positron emission tomography (PET) combined with CT (PET-CT) demonstrated the presence of BAT in adult humans (13, 26, 33, 40, 41) . Significantly increased metabolic activity of BAT was demonstrated by the increased uptake of the glucose analog 2-fluoro-2-deoxy-D-[ 
. Interestingly, these PET-CT studies revealed that BAT activity is positively correlated with resting metabolic rate and negatively correlated with body mass index (40) . These findings indicate that BAT has physiological relevance in adult humans and is potentially a target for pharmaceutical intervention to modulate EE and body weight (26) . Recent studies performed in our laboratory (4, 5) have shown that burn injury, dermal wound, and cold stress activated BAT in mice, and this activation is accompanied by macroscopic, microscopic, and biochemical changes. Thus, we hypothesize that BAT might be associated with burn injuryinduced hypermetabolism.
BAT is characterized by the expression of uncoupling protein-1 (UCP1), which is localized at the inner mitochondrial membrane. UCP1 is known to be the only protein that mediates adaptive adrenergic nonshivering thermogenesis (14, 17, 28) . In recent obesity research, increased EE was associated with increased UCP1 mRNA and protein expression in BAT of obese animals (32) . Those results suggest that UCP1 is correlated with thermogenesis in obese animals and that increased UCP1 expression is beneficial for hypometabolic diseases such as obesity (16, 27) . In contrast to the situation with obesity, there is little information regarding UCP1 physiology in hypermetabolic states such as burn injury.
Currently, the ␤-adrenergic blocker propranolol is the only agent known to attenuate burn injury-induced hypermetabolism (18) . Recent reports have demonstrated that 18 FDG uptake by BAT is reduced by propranolol in both rats and humans (30, 36) . This propranolol-induced reduction in 18 FDG uptake by BAT may also relate to altered BAT function in burn injuryinduced hypermetabolism and BAT could be a target for treatment of this condition.
SS31 (D-Arg-2=,6=-dimethyltyrosine-Lys-Phe-NH 2 ) is a recently characterized tetrapeptide, which is cell permeable, taken up by mitochondria, and concentrated in the inner membrane. It has the ability to scavenge reactive oxygen species (ROS) and reduce lipid peroxidation in vitro. Thus, it reduces mitochondrial ROS levels, inhibits mitochondrial permeability transition, and prevents swelling of isolated mitochondria (37, 46, 47) . Several animal studies using SS31 have demonstrated that it has cardioprotective (9), neuroprotective (10, 31) , and transplanted pancreatic islet cell-protective properties (39) that minimize ischemia-reperfusion injury or oxidative stress and reduce mitochondrial dysfunction. Alterations in mitochondrial function after burn injuries have been reported (28) . Oxidative damage is thought to be one of the mechanisms responsible for local and distant pathophysiological events after burn injury, and antioxidant therapy might be beneficial in minimizing injury in burn patients (29, 44) . Since it has been suggested that burn injury-induced hypermetabolism is related to mitochondrial dysfunction (43, 45) , SS31 may be a useful agent for correcting this condition.
The present study was focused on BAT and UCP1 physiology after burn injury by using a rat burn injury model aiming at exploring 1) the association of BAT with burn injuryinduced hypermetabolism and 2) the potential role of SS31 in attenuating burn injury-induced hypermetabolism. 18 FDG was obtained from PETNET Solutions (Woburn, MA) at radioactivity concentration of 40 mCi/ml. SS31 was purchased from Peptide2.0 (Chantilly, VA). All other reagents were purchased from standard commercial sources.
MATERIAL AND METHODS

MATERIALS
Animals
Specific pathogen-free male Sprague-Dawley rats weighting 400 -500 g (16 -19 wk old) were purchased from Charles River Breeding Laboratories (Wilmington, MA). The rats were caged in the pathogenfree animal facility of Shriners Hospital with controlled temperature, humidity, and a 12:12-h light-dark cycle. They were fed standard rat chow with free access to water. Previous experiments with rats weighing over 400 g that received 30% burn showed similar weight gain and food intake between burn and sham-burn controls from post-burn days 4 to 10; therefore, pair feeding was not conducted in the current study. All animal studies were performed according to the guidelines of and were approved by the Institutional Animal Care and Use Committee of the Massachusetts General Hospital.
Study Protocols
Study 1: contributions of BAT and UCP1 to burn-induced hypermetabolism. Study 1 was designed to evaluate the contributions of BAT and UCP1 to burn injury-induced hypermetabolism. For these studies, animals were randomly divided into two groups (n ϭ 6 in each group): 1) sham burn and 2) burn injured. Indirect calorimetry (TSE System, Bad Homburg, Germany) was performed for 24 h on day 7 after burn injury. The animals were then anesthetized with pentobarbital sodium (50 mg/kg body wt ip) and interscapular BAT (iBAT) was collected for isolation of mitochondria and histological studies. Morphological evaluation of iBAT was done by H&E staining and TEM. UCP1 expression was evaluated by immunohistochemistry and Western blotting. Four animals in each group were injected with 18 FDG via tail vein and scanned by PET. These animals were euthanized, and iBAT, soleus muscle, and liver were harvested for measurements of biodistribution.
Study 2: effect of SS31 on burn-induced hypermetabolism. Study 2 was designed to determine the potential effect of SS31 on burn injury-induced hypermetabolism. For these studies, the animals were randomly divided into four groups (n ϭ 7 in each group): 1) sham burn ϩ saline, 2) sham burn ϩ SS31, 3) burn ϩ saline, and 4) burn ϩ SS31. For these animals, immediately after induction of thermal injury, a catheter was inserted into a jugular vein for loading peptide injection (2 mg/kg) or saline, and an osmotic pump (Durect, Cupertino, CA) was implanted subcutaneously for continuous infusion of SS31 (4 mg·kg Ϫ1 ·day Ϫ1 ) or saline. Indirect calorimetry was performed at 7 days after burn injury. iBAT was excised and used for mitochondria isolation and histological study as described in study 1.
Burn Injury Model
Thermal injury was produced using a protocol approved by the Subcommittee on Research Animal Care of the Massachusetts General Hospital, as described previously (2, 6) , with minor modifications. Each rat was anesthetized with pentobarbital sodium (50 mg/kg body wt ip). After clipping of the back hair of the trunk, the animal was placed in a mold exposing 30% of total body surface area (TBSA), and the exposed area, which did not include the region expressing BAT, was immersed in 100°C water for 12 s, producing a full-thickness, third-degree thermal injury of 30% TBSA. Sham burn animals were similarly treated, with the exception that they were immersed in room temperature water. Immediately after burn or sham burn injury, all animals received fluid resuscitation with 40 ml/kg saline intraperitoneally. All rats were caged individually for the duration of the study.
Measurement of EE by Indirect Calorimetry
Indirect calorimetry (TSE systems) was performed for 24 h on post burn day 7. The animals were fasted overnight. No food was placed in the metabolic chamber during the measurements. The metabolic chamber was controlled by a computer system. The rates of V O2 and V CO2 were recorded, and respiratory exchange ratio (RER) and EE were computed automatically. Resting values for each parameter were defined as the 10th percentile of the raw data. The animals were givenfree access to water during the measurement period.
Measurements of 18 FDG Biodistribution
The 18 FDG biodistribution study was performed as described previously (3) . In brief, 18 FDG (50 Ci) was injected via tail vein in unanesthetized animals. One hour after tracer administration, the animals were killed and samples of iBAT, soleus muscle and liver were collected and weighed. Radioactivities in the tissue samples were measured with a well-type gamma counter (Beckman Coulter, Brea, CA). Radioactivity in aliquots of the injected doses was measured simultaneously with the tissue samples for radioactive decay collection. All results were expressed as percent injected dose per gram of tissue (%ID/g, mean Ϯ SE).
PET Imaging of BAT
PET imaging was performed as described previously (3), using a P4 PET camera (Concord Microsystems, Knoxville, TN). The primary imaging characteristics of the P4 camera are average intrinsic spatial resolution of 1.75 FWHM, 63 contiguous slices of 1.21 mm separation, and a sensitivity of 1.43% for the 350 -650 Kev energy window (38) .
18 FDG (1.5 mCi) was injected via tail vein in unanesthetized animals ϳ1 h before image acquisition. For imaging, each rat was anesthetized, positioned, and stabilized in the gantry of the camera. The acquisition was performed for 10 min, and the list mode data set was rebinned to a single sinogram and reconstructed using a filtered back projection algorithm using a ramp filter with cutoff of 0.5. In all animals, the region from the head to the base of the tail was imaged in four bed positions. Data for attenuation correction were measured with a rotating point source containing 68 Ge. All projection data were corrected for nonuniformity of detector response, dead time, random coincidences, and scattered radiation. Regions of interest were drawn over selected tissues, and activity was measured in nanocuries per milliliter.
The injected 18 FDG is transported from plasma into cells according to the rate constant k1, transported back into plasma with the rate constant k2, phosphorylated with a rate constant k3, and dephosphorylated with a rate constant k4. Since 18 FDG-PO4 cannot be proceed further in glycolysis or be used for glycogen synthesis, tracer accumulation reflects glucose uptake (7).
Peptide Preparation of SS31 for Administration
SS31 was dissolved in saline at a concentration of 2 mg/ml. The animals received 2 mg/kg for loading injection. For the continuous infusion, SS31 was prepared at a concentration suitable for delivering peptide at 4 mg·kg Ϫ1 ·day Ϫ1 via an osmotic pump (Durect, Cupertino, CA). Using the stable isotope dilution method, we have demonstrated the stability of SS31 for more than 7 days.
Catheter Placement and Pump Implantation
Following burn injury, a venous catheter was placed surgically into the right jugular vein for injecting the loading dose of peptide. The control animals received the same volume of saline. Following successful placement of the catheter, an osmotic pump filled with SS31 or saline was implanted subcutaneously at the sternal area, and the continuous infusion was started. After the procedures, animals were returned to their home cages.
Isolation of Mitochondria from iBAT
Mitochondria were isolated from fresh iBAT using a mitochondria isolation kit (Sigma, St. Louis, MO). Briefly, the tissue was washed with extraction buffer containing 50 mM HEPES, pH 7.5, 1 M mannitol, 350 mM sucrose, and 5 mM EGTA and cut into small pieces. The tissue was then homogenized in extraction buffer containing 5 mg/dl fatty acid-free BSA and centrifuged at 600 g for 5 min. The supernatant was centrifuged at 11,000 g, and the pellet was resuspended in extraction buffer and centrifuged at 60 g for 5 min. The supernatant was centrifuged at 11,000 g, and the pellet was suspended in a small volume of storage buffer containing 50 mM HEPES, pH 7.5, 1.25 M sucrose, 5 mM ATP, 0.4 mM ADP, 25 mM sodium succinate, 10 mM K 2HPO4, and 5 mM DTT. All of these procedures were performed in a cold room. The concentration of mitochondrial protein was determined by the bicinchoninic acid method. The samples were kept in a Ϫ80°C freezer until protein analysis.
Western Blotting for UCP1 Expression
iBAT mitochondrial protein (20 g) was boiled in sample buffer (62.5 mM Tris·HCl, pH 6.8, 25% glycerol, 2% SDS, 0.01% bromophenol blue, 710 mM ␤-mercaptoethanol), separated by SDS-PAGE, and transferred to nitrocellulose membranes. The membranes were blocked with LI-COR blocking buffer (diluted 1:1 in PBS; LI-COR Biosciences, Lincoln, NE) for 1 h, followed by incubation overnight with primary antibody. Primary antibodies were used at the following dilutions: anti-UCP1 rabbit monoclonal antibody (Sigma-Aldrich, St. Louis MO) 1:1,000, anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH-a house-keeping protein) rabbit monoclonal antibody (Sigma-Aldrich) 1:1,000. After four washes with PBS-Tween 20 (PBS-T; 5 min each), the membranes were incubated with secondary antibody conjugated to horseradish peroxidase (HRP) in 1:1,000 blocking buffer for 1 h at room temperature. After four washes with PBS-T (5 min each) and two washes with PBS (5 min each) at room temperature, immunoreactivity was visualized and quantified. Densitometry values for anti-UCP1 blots were normalized to anti-GAPDH controls.
Histological Analysis for iBAT
iBAT was fixed with 10% buffered formalin and embedded in paraffin. Sections were cut to 4 m and stained with H&E for microscopic examination.
Immunohistochemistry for UCP1 Determination
Immunohistochemical staining was performed on deparafinized sections. The sections were treated for antigen retrieval by heating in 10 mM sodium citrate buffer (pH 6.0) for 20 min followed by two washings with TBS-0.025% Triton X. Endogenous peroxidase activity in the sections was blocked with 3% H 2O2 in PBS for 5 min. After a brief wash with PBS-T, the sections were blocked with 2% normal donkey serum (Sigma) and incubated overnight with primary antibody at 4°C. Anti-UCP1 goat polyclonal antibody at 1:50 dilution was used as primary antibody. Sections were incubated with 1:100 diluted biotin-conjugated donkey anti-goat IgG secondary antibody (Santa Cruz Biotechnology) at room temperature for 30 min followed by three washes with PBS-T. The sections were then incubated with HRP-conjugated streptoavidin (Vector Laboratories, Burlingame, CA) for 30 min at room temperature. After three washes with PBS-T, antigenic sites were detected with 3,3=-diaminobenzine tetrahydrochloride (DAB) in H 2O2 using a DAB kit (Vector Laboratories). Sections were counterstained with hematoxylin for 15 s for staining nuclei. Finally, the sections were immersed in xylenes, and coverslips were mounted for light microscopic evaluation.
TEM For Mitochondria Determination in iBAT
BAT was cut into small pieces of ϳ1 mm 3 and fixed for 2 h at ambient temperature with 1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) followed by rinsing with buffer and post-fixation in 1.0% OsO 4 for an additional 90 min on ice. The fixed tissues were rinsed with several changes of DMEM over 15 min, dehydrated in graded ethanol to 100%, rinsed with propylene oxide, and finally infiltrated and embedded in Spurr's epoxy. Ultrathin sections were cut at 80 nm, contrasted with Uranyl acetate and lead citrate, and examined with an FEI G2 TEM operated at 120 kV. Digital images were collected using a 2K ϫ 2K AMT camera.
Morphometric Analysis For Area Measurements And Mitochondria Numbers
Transmission electron micrographs were printed at a magnification of 6,510 ϫ @8.2 in. for morphometric analysis. Randomly selected fields of 25 cells per animal were traced using the magnetic lasso tool of Adobe Photoshop CS4 Extended Version (Adobe Systems, San Jose, CA) for analysis. NIH Image J software (v. 1.43; NIH, Bethesda, MD) was used for measuring whole cell area (m 2 ), cytoplasmic area (m 2 ), fat droplet area (m 2 ), and mitochondria number in each adipocyte. The brown adipocytes in 50 electron micrographs from two animals in each group were evaluated. Only cells that were completely contained in the fields were evaluated. Two measurements were made: a) the number of mitochondria per m 2 and b) the number of brown adipocyte cells per m 2 . The quotient of these two values (a/b) yielded the number of mitochondria per brown adipocyte.
Statistical Analysis
All results are presented as means Ϯ SE. Statistical analysis was performed by unpaired t-test for study 1. Nonlinear regression analysis was employed to identify the correlations between RER and uptake of 18 FDG in iBAT. Two-way ANOVA was employed for study 2, and individual means were compared by Bonferroni test. All statistics were performed using SPSS 17.0J (SPSS Japan, Tokyo, Japan). Differences with P value Ͻ 0.05 were considered to be significant.
RESULTS
Burn Injury-Induced Hypermetabolism and its Association with BAT Activation
The indirect calorimetry studies (Fig. 1) Ϫ1 , P Ͻ 0.001), respectively. These results indicate that hypermetabolism is induced by burn injury in our animal model. FDG-PET was used to determine the tissue(s) responsible for hypermetabolism in our burn injury model. As illustrated by the images in Fig. 2A , increased 18 FDG uptake was observed in interscapular tissue, indicating BAT. 18 FDG biodistribution analysis demonstrated that the %ID/g for iBAT in the burn injury group was 10.6 times higher than that in the sham burn group (Fig. 2B ). In contrast, there was no difference in 18 FDG uptake by skeletal muscle or liver. Nonlinear regression analysis (Fig. 2C ) revealed that the BAT activity (%ID/g) was positively correlated with resting EE (r 2 ϭ 0.685, P ϭ 0.001). These results suggest that iBAT plays an important role in burn injury-induced hypermetabolism.
Morphological Change in BAT Induced by Burn Injury
We conducted tissue analyses to identify burn injury-associated iBAT activation. At the macroscopic level (Fig. 3, A and  B) , iBAT from burned animals was much darker than iBAT Fig. 1 . Hypermetabolism after burn injury. Indirect calorimetry measurements on postburn day 7 showed a significantly higher level of oxygen consumption (V O2), carbon dioxide production (V CO2), and resting energy expenditure (EE) in burn animals. RER, respiratory exchange ratio. Data are presented as means Ϯ SE; n ϭ 6 in each group. *P Ͻ 0.001 vs. sham burn, unpaired t-test. from sham-treated controls. However, in sham burn animals, it was difficult to distinguish iBAT from interscapular fat pad, which contains both iBAT and interscapular white adipose tissue (iWAT) by gross observation. For further differentiation, we sectioned the tissues, stained them with H&E, and performed histological analysis. At both the low-and high-power light microscopic levels (Fig. 3, C and E) , two populations of adipocytes, white adipocytes and brown adipocytes, coexisted in iBAT of sham burn animals. Multilobular fat vacuoles were a prominent feature of brown adipocytes in sham burned animals (Fig. 3, C and E) and occupied most of the cell volume. There was little eosin-stained cytoplasm around the fat droplets, and the nucleus was located at the peripheral area of each cell. In contrast, eosin-stained cytoplasm was prominent in the brown adipocytes from burned rats, and the nucleus was located centrally surrounded by cytoplasm (Fig. 3, D and F) . The size of fat droplets in burned animal (Fig. 3, D and F) was much reduced compared with the typical multilobular fat vacuoles seen in sham burn animals (Fig. 3, C and E) . Therefore, burn injury is associated with iBAT activation and increases the density of brown adipocyte in the interscapular area.
The ultrastructure of brown adipocytes was also evaluated using TEM. In sham burn animals (Fig. 4A) , fat droplets occupied the majority of the cytoplasm, and round-shaped small mitochondria were scattered in the cytoplasm. In burned animals (Fig. 4B) , fat droplets were relatively small, and the cytoplasm was tightly packed with mitochondria. As illustrated in Fig. 4C , morphometric analysis indicated that the ratio of fat droplet area to cytoplasmic area was significantly decreased after burn injury (68.4 Ϯ 1.3 vs. 14.4 Ϯ 1.2%, P Ͻ 0.001). In addition, the number of mitochondria per brown adipocyte was increased after burn injury (113.8 Ϯ 7.45 vs. 214.6 Ϯ 17.4, P Ͻ 0.001). Therefore, burn injury activated iBAT via augmented mitochondria biogenesis and reduced lipid content, which are associated with increased EE after burn injury. . iBAT (white arrow) from burn animal (B) was much darker than iBAT from sham burn animal (A), which was difficult to distinguish from interscapular fat pad. A total of 6 animals were studied. C-F: histological views of iBAT from sham burn (C and E) and burn animals (D and F). These low power (ϫ100, C and D) and high power (ϫ400, E and F) sections demonstrated the burn injury-induced morphological change of brown adipocyte in iBAT (black arrows in E and F) and reduced population of white adipocytes (black dashed arrows in E and F).
Scale bars, 1 mm (C and D); 100 m (E and F). We viewed 4 slides in each sham animal (C and E). We viewed 5 slides in each burned animal (D and F).
Effect of Burn Injury on UCP1 Expression in iBAT
To elucidate the underlying molecular mechanism of burn injury-induced hypermetabolism, we focused our investigations on UCP1, which is specifically expressed at the inner membrane of BAT mitochondria. The hypothesis was that increased UCP1 expression contributes to burn injury-induced hypermetabolism.
UCP1 expression was assessed by immunohistochemistry, and it was confirmed that UCP1 was expressed in both sham and burned animals. In sham burn animals, UCP1 expression was recognized marginally in brown adipocytes (Fig. 5, A and  C) . However, in burned animals, high levels of UCP1 expression were identified throughout the brown adipocytes (Fig. 5, B  and D) . As expected, no significant levels of UCP1 expression were detected in white adipocytes in either group of animals. The extent of UCP1 expression in iBAT was further quantified by western blot analysis. As shown in Fig. 5E , UCP1 expression in isolated mitochondria from iBAT was significantly increased (ϳ2-fold, P Ͻ 0.01) after burn injury.
These results demonstrate that BAT activity was associated with burn injury-induced hypermetabolism via augmentation of mitochondria biogenesis and UCP1 expression. Thus, UCP1 could be a target for the treatment of burn injury-induced hypermetabolism.
Effect of SS31 Treatment on Burn-Induced Hypermetabolism
The effect of SS31 in reducing burn injury-induced hypermetabolism was further investigated in groups of sham burn and burned animals receiving continuous saline or SS31 infusion via implanted osmotic pumps. We explored the metabolic rates of burned animals receiving 7 days of continuous SS31 infusion. The results are summarized in Fig. 6 . Two-way ANOVA demonstrated that in sham burn animals treatment of SS31 did not cause a significant difference in V O 2 , V CO 2 , and EE. The analysis also confirmed significantly increased metabolic rate after burn injury. However, all of these parameters were significantly reduced in burn animals receiving SS31 treatment, as demonstrated by 19% reduction of V O 2 (1, , P Ͻ 0.001). Therefore, SS31 has an effect in reduction of burn injury-induced hypermetabolism.
Attenuation of UCP1 Expression by SS31 Treatment
The possible mechanism of SS31 in reducing EE in burned animals was investigated by its effects on UCP1 expression. In sham burn animals, histological sections of iBAT showed that SS31 treatment resulted in increased number of white adipocytes surrounding the brown adipocytes (Fig. 7B ) compared with saline treatment (Fig. 7A) . Similarly, in burned animals, treatment also caused increased number of white adipocytes surrounding the brown adipocytes (Fig. 7D ) compared with saline treatment (Fig. 7C) .
Immunohistochemistry of iBAT demonstrated that UCP1 expression was present in the cytoplasm on all groups of animals (Fig. 8, A-D) . Western blot analysis of UCP1 in isolated mitochondria from iBAT identified that there was no significant difference in UCP1 expression by SS31 treatment in sham burn animals. As expected, burn injury significantly increased UCP1 expression; however, SS31 treatment significantly suppressed (ϳ18%) its expression compared with saline treatment (Fig. 8E) . These data strongly suggest that the up-and downregulation of UCP1 is correlated with the hypermetabolic state and the downregulation of hypermetabolism produced by SS31.
DISCUSSION
Two major observations were made in the two studies in this investigation. First, BAT was activated by burn injury and was associated with increased expression of UCP1 and augmented number of mitochondria. Second, we showed that the mitochondria-targeted peptide SS31 attenuates burn injury-induced hypermetabolism, which is correlated with decreased expression of UCP1. These observations clearly demonstrated that burn injury significantly increased resting EE on post-burn day 7. It is worth mentioning that in study 2 the animals underwent surgical procedures for implantation of catheters and SS31 delivery pumps; however, both groups of burned animals showed similar increments in EE above sham burn animals, indicating that the above-mentioned surgical procedures did not add to the hypermetabolism following burn injury on day 7. Thus, the observed alterations in metabolic rate reflected burn injury-induced hypermetabolism. We also demonstrated that increased EE after burn injury is associated with activation of BAT, as demonstrated by a significant increase in 18 FDG uptake by the interscapular fat mass. These changes were further confirmed by 18 FDG-PET imaging. PET has been used to identify and measure BAT activities in previous studies (13, 40, 41) . Previous studies from our laboratory have demonstrated that the increased metabolic rate under this condition is accompanied by significantly increased BAT activity and increased uptake of 18 FDG (4, 5) . Studies by others have demonstrated that, in obese subjects, reduced EE is associated with lower BAT activity (40) . The results of our study further suggested that during the burn injury-induced hypermetabolic state increased EE is also associated with significantly increased BAT activity.
Our previous studies (4) revealed morphological changes in BAT after burn injury. The present study further explored these changes by immunohistochemistry and TEM, confirming that burn injury increases BAT mitochondria. All the observed changes were correlated with increased mitochondria biogenesis and lipolysis. Increased mitochondria biogenesis and lipolysis in BAT are a possible mechanism for development of burn injury-induced hypermetabolism.
In the present study, the mechanisms for increased BAT energetics were further studied by measurements of UCP1 expression by isolated mitochondria from BAT. The upregulation of UCP1 expression after thermal injury was quantitatively demonstrated by Western blot analysis of mitochondria isolated from iBAT.
UCP1 is known to be essential for adaptive adrenergic nonshivering thermogenesis, and genetic upregulation of this protein can reduce obesity (21) (22) (23) . In recent obesity research, increased UCP1 mRNA and protein expression by iBAT was shown to be associated with increased EE and to play a role in ameliorating obesity (32) . Recently, the existence of BAT that expresses UCP1 has been verified in humans (13, 40, 41) , and brown adipocyte progenitors expressing UCP1 have been reported to be present in human skeletal muscle (11) . A recent review of UCP physiology indicated that uncoupling of respiration is physiologically important and account for 20 -25% of the basal metabolic rate in human subjects (14) . Analysis of the metabolic basis of burn injury-induced hypermetabolism suggested that ϳ57% of the increased hypermetabolic rate was not accounted for by ATP-generating processes, implying that altered mitochondrial function, including the uncoupling process, might be an important factor for inducing the hypermetabolic state (43) . Thus, augmented UCP1 expression in BAT could be an important mechanistic component contributing to burn injury-induced hypermetabolism.
Previous studies have shown that skeletal muscle plays an important role in epinephrine-induced thermogenesis (1, 34) . It has been demonstrated that mitochondrial uncoupling in human skeletal muscle is associated with cold-induced adaptive thermogenesis (42) . However, UCP3 expression, which is specifically present in skeletal muscle, was not changed by cold exposure, indicating that UCP3 may not contribute to the thermogenesis in skeletal muscle. In the present study, we were unable to find significant changes in skeletal muscle by burn injury with the methods we used in our experiment.
These findings imply that brown adipocytes are not significantly increased in skeletal muscle after burn injury, and there may be a shift in fuel utilization from glucose to other substrate sources such as free fatty acids or acetate for energy production in skeletal muscle during the burn injury-induced hypermetabolic state. Fatty acid oxidation in patients with burn injury is significantly increased by more than 130% compared with a 30 -40% increment in glucose and protein oxidation above that in healthy subjects (43) . Clearly, the particular substrate ener- getics by skeletal muscle and its relation with burn injuryinduced muscle protein catabolism warrant further investigation.
In the present study, we observed a significant reduction in the hypermetabolic state following SS31 treatment in burned animals. The present study also revealed that reduction in resting EE was correlated with the reduction of brown adipocytes and reduced UCP1 expression, as confirmed by both immunohistochemistry and Western blot analysis. These findings provide further evidence that BAT and UCP1 are associated with the burn injury-induced hypermetabolic state.
The mechanism for the effect of SS31 on maintaining energy metabolism can be explained by its role in modulating mitochondrial function after thermal injury. The significant increase in superoxide level following burn injury and oxidative damage to tissues are implicated in inflammation, systemic inflammatory response syndrome, severe injury, infection and sepsis, and multiple organ failure (29) . Recent studies have demonstrated that superoxide induces the uncoupling process in mitochondria, and uncoupling is correlated with levels of UCP expression in different tissues, but not in tissues that do not express UCPs, such as liver (14) . The expression of UCP1 in BAT occurs in the mitochondria and is a nucleotide-sensitive process (15) . Mitochondria-targeted antioxidants could abolish superoxide-induced uncoupling by reduction of UCP1 expression (20, 25, 35) . SS31 is a scavenger of ROS that ameliorates lipid peroxidation, reduces mitochondrial ROS levels, inhibits mitochondrial permeability transition, and prevents swelling of isolated mitochondria (37, 46, 47) . Thus, the mechanism for SS31 is associated with reducing burn injury-induced hypermetabolism and is likely through downregulation of superoxide-induced UCP1 expression in BAT.
In recent years, BAT has become a target tissue for developing strategies for treating diseases associated with hypometabolic states such as diabetes and obesity (12, 16, 24) . The present study has demonstrated that BAT may also play a role in burn injury-induced hypermetabolism. Therefore, BAT has also become a target tissue for developing strategies for ameliorating burn injury-induced hypermetabolism. Our study also suggests that SS31 may potentially benefit burn patients by reducing superoxide-mediated UCP1 expression and hypermetabolic state. In addition, ultrastructural analysis of BAT could serve as an indicator of treatment response in both hypoand hypermetabolic diseases and injuries.
In conclusion, our studies have demonstrated that burn injury-induced hypermetabolism is associated with activation of BAT with significant upregulation of UCP1 expression and mitochondria biogenesis. The inhibition of this hypermetabolic state by SS31 may be related to the reduced mitochondrial UCP1 expression. Therefore, altered mitochondrial function and increased uncoupling process are possible important contributors to burn injury-induced hypermetabolism. In the future, alterations in BAT could be a treatment target in reducing hypermetabolism and associated protein wasting in the metabolic care of severely burned patients.
